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Mutations in tuberous sclerosis genes TSC1 and TSC2 disrupt the phosphatidylinositol signalling pathway downstream of the insulin / insulin-like growth factor receptor in the control of cell growth. [2] [3] [4] [5] We investigated single nucleotide polymorphisms in three phosphatidylinositol signalling genes that map to consensus areas of linkage to autism, using 196 trios from the Autism Genetics Resource Exchange. Polymorphisms in inositol polyphosphate-1-phosphatase (INPP1) at the 2q32, c catalytic subunit of phosphatidyl 3-OH-kinase gene (PIK3CG) at 7q22, and TSC2 gene at 16p13.3, were investigated for association with autistic disorder. Transmission disequilibrium tests and haplotype analyses demonstrated a nominally positive association of polymorphisms in INPP1, PIK3CG, and TSC2 genes with autism, suggesting that phosphatidylinositol signalling may have a role in susceptibility to autism.
Autism spectrum disorders [MIM 209850 ], which include autism, Asperger's syndrome, and pervasive developmental disorder not otherwise specified, are characterised by impairments in communications and social interactions and the presence of stereotyped behaviours. Family, twin, and linkage data suggest that inheritance of autism is complex. [6] [7] [8] Latent class analysis of twin and family data suggests that between two to 10 loci may act epistatically, 6 although more than 15 loci have been suggested. 9 Recent genome screening studies found that many regions distributed over many chromosomes had a multipoint maximum lod score greater than one. [9] [10] [11] [12] [13] [14] Several studies found evidence of linkage in overlapping regions, which are likely to represent true linkage findings. The most consistent results are for regions on chromosome 7q, 2q and 16p13.3.
11 [15] [16] [17] The 16p13.3 region harbours the locus for TSC2 gene. 18 Autism occurs in a number of genetic conditions, such as fragile X, 19 20 phenylketonuria, 21 tuberous sclerosis complex, 22 Rett syndrome, 23 and chromosomal anomalies, but the majority of cases of autism are of unknown aetiology. 8 The risk of autism in patients with tuberous sclerosis complex (TSC) is higher than in any other known condition. Epidemiological studies have shown that about 50-60% of individuals with TSC have mental retardation and 43-86% a pervasive developmental disorder similar to autism. 1 Similarly, epidemiological studies of children with autism have reported that TSC occurs on average in 1% of cases. 1 The possible mechanisms mediating association between tuberous sclerosis and autism include linkage disequilibrium of closely linked loci and disruption of a common neural or developmental pathway. 22 The protein products of the TSC genes, hamartin and tuberin, appear to act as tumour suppressors. Genetic analyses in mice and Drosophila indicate that TSC1 and TSC2 function in the phosphatidylinositol signalling pathway downstream of the insulin / insulin-like growth factor receptor in the control of cell growth. 2-5 24 25 The modulation of the activity of inositol signalling molecules is carried out by several kinases and phosphatases. 26 Examples of such modulators include the phosphatidylinositol-3-OH kinases (PI3K), PTEN (phosphatases with tensin domain), and inositol polyphosphate 1-phosphatase (INPP1).
A review of the human genome maps reveals that PIK3CG, the gamma catalytic subunit of PI3K, maps to 7q22 in a consensus area of linkage to autism. 27 28 Similarly, the inositol polyphosphate-1-phosphatase (INPP1) gene, which codes for one of the enzymes involved in phosphatidylinositol signalling pathways, maps to 2q32, another consensus area of linkage to autism. 11 30 All AGRE families include at least two affected members with a diagnosis of autism, Asperger's syndrome, or pervasive developmental disorder not otherwise specified. Diagnoses of AGRE families are confirmed using the Autism Diagnostic Interview-Revised protocol (ADI-R). Details of medical histories, neurological examinations, Peabody scores, and Vineland scores are available at the AGRE web site (www.agre.org). ADI-R, ADOS, Raven, and Handedness testing results with all interview data points and computer scored algorithm results are also available. A small percentage of cases in an AGRE sample represents probands with possible secondary autism resulting from perinatal trauma, or an identified genetic syndrome such as Fragile X; however, these cases were not included in this study. For the present report, data from a total of 581 individuals (196 children) were available for analysis. Among the 196 affected individuals, the male/female ratio was 3.36 (151 boys and 45 girls), consistent with the increased prevalence of the disorder in boys. The mean age of the children at the time of testing was 7 years.
Genotyping
For this study we genotyped 196 trios, randomly selecting one affected sib from each multiplex family. Genotyping was done by a high throughput single base primer extension assay with oligonucleotide microarrays and fluorescence detection through Orchid BioSciences' SNP stream UHT services (www.orchidbio.com). Single base primer extension involves the annealing of an oligonucleotide primer to a single-stranded PCR amplicon at a location which lies immediately adjacent to, but not including, the polymorphic SNP site. This is followed by enzymatic extension of the primer in the presence only of chain terminating dideoxynucleotides, which are labelled to facilitate subsequent detection of the identity of the single incorporated nucleotide.
Statistical and genetic analysis
The programs PedCheck and Merlin were used to detect genotyping errors. 31 32 Mistyping analyses were also performed using Sim Walk2. 33 Marker allele frequencies were obtained by counting parental genotypes. Linkage disequilibrium between the markers was analysed by the Sim Walk2 and GOLD software packages using parental gametic haplotypes. 33 34 The standardised pairwise disequilibrium value D' and the coefficient of disequilibrium D were calculated. D is the difference between the observed haplotype frequency and the frequency expected under statistical independence. The D' measure is a proportion of the maximum value of D, whose range extends from 21 to +1, with 21 and +1 representing complete LD and 0 representing free association.
Family based association analyses were carried out using the transmission disequilibrium test (TDT), in which preferential allelic transmission from heterozygous parents to affected offspring is tested by applying the (b2c) 2 /(b+c) statistics and the x 2 test. 35 The transmission ratio (transmitted / not transmitted) and the 95% confidence interval around the transmission ratio were calculated for each allele of the SNPs. Under a multiplicative model the transmission ratio is an estimator of the genotype relative risk. 36 Transmission disequilibrium was calculated for pairwise haplotypes for adjacent markers using the TDT2 implementation in GENEHUNTER 2.1. 37 38 Haplotypes of the SNPs in the INPP1 and TSC2 genes were constructed using a maximum likelihood method on the basis of transmission patterns in families in which both the parents were genotyped. 
RESULTS
For the present study, a total of 196 trios (581 individuals) were available. For seven families only one parent was available. Only one randomly selected affected sib from each multiplex family was genotyped. In this situation, TDT is a valid test for association. TDT studies revealed that these two SNPs in INPP1 gene were nominally associated with autism (dbSNP rs4656, p = 0.02; and dbSNP rs4940, p = 0.02) (table 2). The pedigree disequilibrium test (PDT) provides another general test of linkage disequilibrium. 40 41 We analysed the INPP1 genotype data with PDT, which demonstrated nominally positive association of autism with the rs4656: G/T (SUM PDT: x 2 = 5.252, df = 1, p = 0.0219; AVE PDT: x 2 = 5.252, df = 1, p = 0.0219) and rs4940 A/G (SUM PDT: x 2 = 5.762, df = 1, p = 0.0164; AVE PDT: x 2 = 5.762, df = 1, p = 0.0164) polymorphisms. To detect linkage disequilibrium between the INPP1 haplotypes and autism, we reconstructed haplotypes transmitted to autistic subjects. The number of haplotypes was less than the number of genotypes because of an ambiguous phase in some cases. There was a significant difference in the transmission of haplotypes to subjects with autistic disorder (global x 2 = 11.6, df = 2, p = 0.003). The GG haplotype was more often transmitted (p = 0.0027) and the AT haplotype was less often transmitted (p = 0.0045).
Only one randomly selected affected sib from each multiplex family was genotyped. Under a multiplicative model the transmission ratio is an estimator of the genotype relative risk. Haplotypes were created by the maximum likelihood method. The number of haplotypes was less than the number of genotypes due to the ambiguous phase in some cases.
PIK3CG gene SNPs PIK3CG maps to 7q22, a consensus area of linkage for autism. We genotyped a C/T SNP in exon 4 at the mRNA position 2335 (dbSNP rs1129293: NM_002649.2: S2335S) in the PIK3CG gene in 196 parent child trios. The PIK3CG polymorphism is located in the accessory domain (PIK domain), 42 but does not change the amino acid composition (S2335S). The PIK domain is conserved in all PI3 and PI4 kinases, and may have a role in substrate presentation. 42 The genotyping success rate by single base primer extension was 88.98%. Of 517 genotypes, one genotype had Mendelian error (,0.02%). The marker was in Hardy-Weinberg equilibrium. The allele and genotype frequencies are shown in table 1. TDT studies demonstrated that the polymorphism in the PIK3CG was in linkage disequilibrium with autism in 196 trios (p = 0.04) (table 2).
TSC2 gene SNPs
Several studies provide evidence suggesting linkage of autism for regions on chromosome 16p13.3, the location of the TSC2 gene. 11 15-17 A polymorphism in exon 40 at amino acid position 1734 (dbSNP rs7714: A/G) had a low genotyping success rate (51.4%) and was not further analysed. A review of the literature and databases did not reveal any other exonic SNPs with suitable allele frequency. We genotyped a C/G SNP (dbSNP rs2074968) in intron 9, 100 bp 5' to exon 10, a C/T SNP in intron 4 (dbSNP 2073636), and 348 bp 5' to exon 5 in the TSC2 gene. Genotyping success rates were 91.39% and 87.8%, respectively. Of 1051 genotypes, eight had Mendelian errors (,1%). The markers were in Hardy-Weinberg equilibrium. The intron 4 and intron 9 SNPs were 5520 bp apart and in strong disequilibrium (D' = 0.818), whereas the exon 40 SNP was in a different haplotype block. D' between intron 4 and exon 40 SNP was 0.068, and D' between intron 9 and exon 40 SNP was 0.092. The allele and genotype frequencies are shown in table 1.
TDT studies of the C/T polymorphism in intron 4 of the TSC2 gene demonstrated nominal evidence for association (dbSNP rs2073636, intron 4 C/T, p = 0.056) (table 2). TDT analyses revealed a difference in the transmission of haplotypes to subjects with autistic disorder (global x 2 = 4.73, df = 2, p = 0.09). The CC haplotype was more often transmitted (p = 0.050).
Power analyses
The program TDT Power Calculator (TDT-PC v 1.2), based on Knapp's first approximation, was used to estimate power for the TDT analyses. 43 44 We calculated the POWER of our studies with the different SNPs to detect a gene effect with genotypic relative risk g = 4.0 for the homozygote and g = 2.0 for the heterozygote, assuming a significance level of alpha = 5610 28 , 0.0001, 0.001, and 0.01. The results are shown in table 3. We had enough power to detect association at a significance level of alpha = 0.0001. 
DISCUSSION
Our studies demonstrate that SNPs in three phosphatidylinositol signalling pathway genes, INPP1, PIK3CG, and TSC2, are in linkage disequilibrium with autism. TSC2 functions in the phosphatidylinositol-3-OH kinase (PI3K) pathway, downstream of the insulin / insulin-like growth factor receptor in the control of cell growth. The phosphatidylinositol 3-kinase pathway regulates TSC by phosphorylation of tuberin. 5 The PIK3CG gene is a member of a family of genes coding for enzymes that phosphorylate the 3'-hydroxyl of phosphatidylinositol. INPP1 enzyme removes the phosphate group at position 1 of the inositol ring from polyphosphates such as inositol 1,4-bisphosphate and inositol 1,3,4-trisphophosphate. These three genes map to consensus areas of linkage to autism.
Inositol and phosphatidylinositol phosphates are important for numerous cellular processes: neuronal survival; differentiation, neuroprotection, and transduction of signals from growth factors; neurotransmitters; and G protein coupled receptors. 45 48 The associations of the three candidate genes with autism thus have neurobiological plausibility.
Although several consensus regions of linkage for autism have been identified on many different chromosomes, the task of identifying the responsible genes remains a formidable problem. Direct analysis of the likely candidate genes and single nucleotide polymorphism based linkage disequilibrium mapping are thus valid strategies for the identification of the autism susceptibility gene. For initial studies, the list of candidate genes can be narrowed according to insights obtained from secondary causes of autism such as TSC. As the risk of autism in patients with TSC is so high, it is likely that the developmental and signalling pathway that is abnormal in TSC plays in a role in the susceptibility to autism. Interestingly, a mutation of PTEN, which is a negative regulation of cell growth in the phosphatidylinositol signalling pathway, has been reported to cause autistic features. 49 The exon polymorphisms in the INPP1 and PIK3CG genes are not expected to change the amino acid composition of the respective proteins. These SNPs are not likely aetiological variants but may be in linkage disequilibrium with aetiological variants. This conclusion is supported by the observation that, in each case, the common allele of the SNPs is transmitted more often from heterozygous parents to the autistic subjects (tables 1 and 2).
The p values described here are nominal and were not corrected for multiple testing. POWER analyses suggested that we had sufficient power to detect association with a significance level of 0.0001, but not a genome wide significance level (alpha = 561028) (table 3). However, the nominally positive (p,0.05) association of three positional candidate genes that all act in the phosphatidylinositol signalling pathway is still of interest and suggests that phosphatidylinositol signalling plays a role in susceptibility to autism.
